Methicillin-resistant Staphylococcus aureus (MRSA) infections pose a major challenge in health care, yet the limited heterogeneity within this group hinders molecular investigations of related outbreaks. Pulsed-field gel electrophoresis (PFGE) has been the gold standard approach but is impractical for many clinical laboratories and is often replaced with PCR-based methods. Regardless, both approaches can prove problematic for identifying subclonal outbreaks. Here, we explore the use of whole-genome sequencing for clinical laboratory investigations of MRSA molecular epidemiology. We examine the relationships of 44 MRSA isolates collected over a period of 3 years by using whole-genome sequencing and two PCR-based methods, multilocus variablenumber tandem-repeat analysis (MLVA) and spa typing. We find that MLVA offers higher resolution than spa typing, as it resolved 17 versus 12 discrete isolate groups, respectively. In contrast, whole-genome sequencing reproducibly cataloged genomic variants (131,424 different single nucleotide polymorphisms and indels across the strain collection) that uniquely identified each MRSA clone, recapitulating those groups but enabling higher-resolution phylogenetic inferences of the epidemiological relationships. Importantly, whole-genome sequencing detected a significant number of variants, thereby distinguishing between groups that were considered identical by both spa typing (minimum, 1,124 polymorphisms) and MLVA (minimum, 193 polymorphisms); this suggests that these more conventional approaches can lead to false-positive identification of outbreaks due to inappropriate grouping of genetically distinct strains. An analysis of the distribution of variants across the MRSA genome reveals 47 mutational hot spots (comprising ϳ2.5% of the genome) that account for 23.5% of the observed polymorphisms, and the use of this selected data set successfully recapitulates most epidemiological relationships in this pathogen group.
T
he control of methicillin-resistant Staphylococcus aureus (MRSA) infections in hospitals has become a global challenge (1) . The worldwide incidence of MRSA outbreaks has been rising steadily since the first strain of this group was reported in 1961 (1, 2) . MRSA has also emerged in the general community (community-acquired MRSA [CA-MRSA]) and is recognized as a source of infection in hospitalized patients (3) . Because MRSA can be transmitted rapidly as a nosocomial pathogen, particularly in intensive care units, it is important for patient morbidity and mortality to quickly and accurately identify the spread of any singular strain so that effective steps can be taken to curb burgeoning outbreaks. However, molecular epidemiological investigations of MRSA have been complicated by the emergence and rapid dissemination of a single dominant MRSA clone, USA300 (sequence type 8 [ST8]-MRSA-IV), which is now the major communityacquired strain in the United States (4) . This clonal dominance has led to challenges in differentiating true outbreak strains from genomically similar strains that have been independently acquired from external sources. The inherently high degree of relatedness among members of MRSA USA300 may consequently render molecular typing results uninterpretable in the event that multiple independent USA300 subclones are recovered during an investigation of a potential outbreak (5) . The appearance of distinct and dominant MRSA clones in other nations has generated similar problems within other health care systems (6) .
Many molecular methods are available to type MRSA strains, including pulsed-field gel electrophoresis (PFGE) (7) , PCR assays for rapidly evolving repeat elements (8) , randomly amplified polymorphic DNA (RAPD) analysis (9) , multilocus sequence typing (MLST) (10) , typing of the polymorphic spa gene (11) (12) (13) , ribotyping (14) , mecA:Tn554 probe typing (15) , staphylococcal cassette chromosome mec element (SCCmec) typing (16) , multilocus variable-number tandem-repeat analysis (MLVA) (17) (18) (19) , and DNA macroarray (20) . These approaches have individual strengths and weaknesses. Historically, PFGE has been considered a gold standard, although recent works have called this status into question (21) (22) (23) . Regardless, the approach is labor-intensive, time-consuming, and technically challenging to implement for most multipurpose clinical laboratories (24) ; consequently, this sometimes leads to typing artifacts (21) . Alternatively, methods utilizing PCR to interrogate hypervariable loci, including spa typing and MLVA, can be more easily executed than and have similar performance characteristics and resolving power as those of PFGE (13, 17, 18, 24) , and they have been used as convenient alternatives to that approach. Even so, none of these approaches may be sufficient to resolve subclonal relationships in the background of a highly prevalent clone, as the amount of divergence detectable in such cases may be inadequate to resolve strains (6) .
In recent years, next-generation DNA sequencing technologies have become increasingly available to clinical microbiology laboratories (25, 26) . The use of these platforms allows the complete genome sequences of bacterial isolates to be determined within a matter of days, enabling discrimination among genomes at the theoretical resolution of a single nucleotide difference and consequently permitting the resolution of subclonal strain relationships. Such technologies have offered an unprecedented ability to differentiate MRSA strains isolated during outbreak investigations (27-31), although they have not yet been integrated into routine laboratory practice. Here, we investigate the use of conventional molecular typing and next-generation sequencing methods for clinical laboratory investigations of MRSA epidemiology, with a consideration of the subclonal strain relationships. We compare the performance of the whole-genome data against two well-established molecular typing strategies, spa typing and MLVA, using a panel of 44 MRSA isolates that were collected across the state of Washington and sent to our laboratory for typing.
MATERIALS AND METHODS
Strains and molecular typing. The strains used, institution of origin codes, and dates of acquisition are indicated in Table 1 . All MRSA isolates were received and maintained on blood agar. DNA was extracted from the clinical isolates using the UltraClean microbial DNA isolation kit (Mo Bio). spa typing and MLVA were performed on all isolates, as described elsewhere (32) , except that the products were analyzed by QIAxcel (Qiagen) capillary electrophoresis using the DNA screening kit (33) .
Whole-genome sequencing. Oligonucleotides were synthesized by integrated DNA technology (IDT). One hundred nanograms each DNA was digested for 1 h at 37°C in a 10-l volume using 0.3 l NEBNext double-stranded DNA (dsDNA) Fragmentase (New England BioLabs). DNA was simultaneously end repaired and A tailed in a 40-l reaction mixture containing 1ϫ Rapid ligation buffer (Enzymatics), 0.1675 mM each deoxynucleoside triphosphate (dNTP) (New England BioLabs), 0.1 l Escherichia coli DNA polymerase I (New England BioLabs), 0.5 l T4 polynucleotide kinase (PNK) (New England BioLabs), and 0.02 l Taq DNA polymerase (New England BioLabs); this was incubated at 37°C for 30 min and 72°C for 20 min. Annealed Y-adaptors (5=-PO 4 -GATCGGA AGAGCGGTTCAGCAGGAATGCCGAG-3= and 5=-ACACTCTTTCCC TACACGACGCTCTTCCGATCT-3=) were added at a concentration of 0.2 M and ligated at 25°C for 20 min using T4 DNA ligase in Rapid ligation buffer (Enzymatics). After purification with AMPure beads (Agencourt), the library was PCR amplified with Kapa HiFi HotStart ReadyMix using the primer PRECAP_FWD_AMP_COMMON (5=-AA TGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG C-3=) and sample-specific bar-coded primers (5=-CAAGCAGAAGACGG CATACGAGATNNNNNNNNCGGTCTCGGCATTCCTGCTGAACC G-3=, where N indicates the position of an 8-bp sample-specific index). The cycling conditions were 95°C for 3 min, 10 cycles of 98°C for 20 s, 65°C for 15 s, and 72°C for 1 min, followed by one cycle of 72°C for 5 min. The PCR product was purified with AMPure beads (Agencourt), pooled, and sequenced on a MiSeq (Illumina) using 250-bp paired-end reads, with a custom Index primer mix (5=AGATCGGAAGAGCGGTTCAGCA GGAATGCCGAGACCG-3=), to an average genomic read depth of ϳ62ϫ per sample (range, 15.5 to 300ϫ coverage), as estimated by Cortex version 1.0.5.17 (34) .
Data analysis. The adaptors were trimmed and PCR duplicates were removed using the program fastq-mcf, with skew filtering disabled and other parameters at their defaults. De novo sequence assembly and variant calling were performed using Cortex version 1.0.5.17 (34) , which uses colored de Bruijn graphs to detect both simple and complex genetic variants, employing the independent workflow and the whole-genome sequence of S. aureus USA300 strain FPR3757 (35) (GenBank accession no. CP000255.1) as a reference. Rare sites covered by Ͻ5 reads were masked as unknown data using custom scripts. Variants were annotated using SnpEff version 3.3 (36) . A neighbor-joining phylogenetic tree of wholegenome sequence variants was generated using SplitsTree4 (37) , and bootstrap support values were calculated using 1,000 pseudoreplicates.
Mutational hot spots were identified by cataloging the number of unique variants (SNPs and indels) called within a 500-bp sliding window. The windows were considered hot spots if they exceeded a threshold of 150 variants.
Accession number. Sequence reads for this project are available from the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra), under study accession number SRP042340. 
RESULTS
MRSA strain typing by spa typing and MLVA. The strain collection considered in this study included 44 MRSA isolates that were previously sent to our laboratory for the purpose of strain typing from different facilities across Washington state ( Table 1 ). The collection dates for this collection spanned a 2-year period, and the isolates included members of the now-dominant USA300 group (as typed by our laboratory using MLVA and spa typing), as well as alternative strains. We also included a typed reference strain from the USA300 group, MRSA FPR3757, whose wholegenome sequence was generated by conventional methods (35) . For the ease of data interpretation, we coded these strains numerically by their dates of isolation. We initially characterized MRSA isolates using MLVA and spa typing techniques (Fig. 1A) . spa typing identified 12 different MRSA groups, whereas MLVA demonstrated a higher degree of resolving power and partitioned a total of 17 distinct groups. In general, there was concordance among the groups identified by these independent methods. One population identified by MLVA (group 15) was split into two subgroups by spa typing analysis (groups 10 and 11). Four groups classified by spa typing (groups 1, 5, 9, and 12) were divided into at least two subgroups each by MLVA typing (groups 1 and 2, groups 6, 7, and 8, groups 12, 13, and 14, and groups 16 and 17, respectively). spa typing clustered all members from the USA300 group into a single category, whereas MLVA partitioned the USA300 strains into 2 separate, albeit closely related, groups. One of the USA300 strain groups identified by MLVA typing (group 17) comprised five isolates (strains 9 to 13) obtained from different patients at the same institution and on the same date, which therefore is consistent with an outbreak.
MRSA strain typing by whole-genome sequencing. We next performed whole-genome sequencing of each MRSA strain and reconstructed the relationships among those isolates using phylogenetic analysis (Fig. 1A) . A total of 131,424 unique single nucleotide variants and indels were identified across the genomes of the 44 MRSA isolates in our panel, which were shared to different degrees among the various isolates. In contrast to the other molecular methods examined, whole-genome sequencing enabled each strain to be uniquely distinguished from all other strains: even the two most genetically similar isolates (strains 9 and 12) were discernible from one another by two variants. The bootstrap support values for the phylogenetic reconstruction were high (Ͼ70%) for the great majority of the branches (data not shown), providing confidence in the reliability of the inferred relationships. T1J1M1B1M1D1M1G1M1K1  T1J1M1B1M1D1M1G1M1K1  T1J1M1B1M1D1M1G1M1K1  T1J1M1B1M1D1M1G1M1K1   Y1H1G1F1M1B1Q1B1L1O1  Y1H1G1F1M1B1Q1B1L1O1  Y1H1G1F1M1B1Q1B1L1O1   G1K1A1K1A1O1M1Q1Q1   Y1H1G1F1M1B1Q1B1L1O1   26  25  8  1  41  15  16  18  2  17  40  35  38  37  43  32  36  3  22  28  29  31  24  33  19  39  14  21  4  6  7  42  20  27  34  23  Reference  30  5  12  10  13 Because the polymorphisms distinguishing the isolates were effectively quantified by whole-genome analysis, the relationships among the strains were represented more continuously than by spa typing and MLVA, which are capable only of assigning isolates to distinct groups. This difference was most pronounced in the USA300 group (Fig. 1B) , where the genomic phylogeny was able to resolve the relationships among individual isolates having identical spa or MLVA types (Fig. 1A) . The five isolates constituting a possible outbreak formed a distinct clade (Fig. 1B) , supported by high bootstrap support values (100%; data not shown), and among these isolates, polymorphisms were identified that uniquely marked each strain. Even so, the phylogenetic clades of the MRSA strains inferred by whole-genome sequencing recapitulate the partitions identified through MLVA gel electrophoresis patterns and spa types, suggesting a general concordance in the relative genetic distance measured by spa typing, MLVA, and whole-genome sequence analysis.
Reproducibility of whole-genome sequencing. In order to ascertain whether a whole-genome sequencing approach reproducibly identifies the genetic variants in the strains typed, we sequenced 5 MRSA isolates selected from throughout the inferred phylogeny (strains 41, 35, 26, 22 , and 7) in duplicate. Paired libraries from these strains were prepared independently and can therefore be considered true technical replicates. Whole-genome analysis of the corresponding libraries generated from these strains identified no discordant variants in the genotypes of the technical replicates. These findings suggest that the data obtained from whole-genome sequencing by this approach are highly reproducible and that the number of variants that can be attributed to technical errors is negligible. We attribute this high degree of concordance among the technical replicates to robust library preparation techniques, robust methods of informatics analysis, and the high fidelity of Illumina sequencing (38) .
Resolution of whole-genome sequencing for molecular epidemiology. We compared the resolution of strain typing achievable by whole-genome analysis to that enabled by MLVA and spa typing by quantifying the average number of genomic variants that differentiated the groups identified by each method (as defined in Fig. 1A) , as well as the average degree of genomic divergence among members of the same group.
The minimum average number of polymorphisms identified by whole-genome sequencing that separated any two spa types was 1,241 ( Table 2 , group 10 compared to group 11), with an average pairwise distance between the spa groups of 40,676 variants. In comparison, MLVA offered higher resolution, as we found it was able to distinguish two groups of USA300 strains separated by an average of only 193 variants (MLVA groups 16 and 17), although the overall average pairwise distance between discrete groups was comparable to that of the spa typing results at 39,569 variants (Table 3) . Whole-genome sequencing cataloged significant sequence heterogeneity within groups of MRSA isolates that were considered genetically identical by both spa typing and MLVA. Five of the 12 spa type groups comprised multiple isolates and could therefore be used to assess the degree of intragroup genomic heterogeneity. For the least genomically diverse spa type group (group 2), an average of 228 variants distinguished the isolates from one another, whereas this value increased to 3,526 variants in the most heterogeneous spa type group (Table 2, group 9). Mirroring the values of intergroup genomic distance, the groups identified by MLVA were on average less genomically heterogeneous than were the spa groups. For the 7 MLVA groups composed of more than one isolate, an average of 77 and 1,258 genomic variants distinguished among the populations of isolates comprising the least and most heterogeneous groups, respectively (Table 3) .
We conclude that the MLVA and spa typing methods are comparatively insensitive to the underlying genomic polymorphisms that are identifiable by whole-genome sequencing.
Identification of mutational hot spots in the MRSA genome. We next explored the allocation of mutations across the MRSA genome. We plotted the empirical cumulative distribution of each of the 131,424 unique polymorphisms detected in our panel of 44 MRSA isolates against their position within the MRSA genome (Fig. 2) . If mutations were distributed uniformly across the genome, we expected that this plot would present a uniform diagonal line (39) . Qualitatively, however, the distribution of variants deviated from uniformity at several intervals, indicating nonrandom clustering of mutations within several discrete genomic regions.
To quantitatively define genomic mutational hot spots, we cataloged genomic windows of Ն500 bp in length that met or exceeded a threshold of 150 unique variants each. This cutoff iden- (Table 5) . However, of the remaining 1,163 mutations occurring in annotated genes, 1,017 (95.2%) were nonsynonymous. Several of the genes displaying high variability were located at recognized mutational hot spots that are currently used for S. aureus strain typing, specifically, agrB/agrC/agrD (40) , coa (41), clfA (42) , and fnbA/fnbB (43) . Although 10 unique variants were detected in the spa gene (designated SAUSA300_0113 in MRSA FPR3757; 1,526 bp), it did not qualify for our designation as a mutational hot spot. We also cataloged the unique variants that distinguished the USA300 strains from one another ( Table 6 ). As with the variants identified in the mutational hot spots, the majority of these alterations (1,293 out of 1,331 [97.1%]) occurred in noncoding regions of the genome. Thirty-four of the 38 (89%) mutations occurring in the coding genes were nonsynonymous. Four genes identified in this analysis (SAUSA300_0407, clfA, SAUSA300_ 1327, and SAUSA300_1968) were recovered as highly mutated genes in the full MRSA data set ( Table 5) .
Resolution of mutational hot spots for molecular epidemiology. In order to ascertain the practical amount of information carried within the mutational hot spots, we lastly performed a phylogenetic reconstruction of the strain relationships using only the genomic variants identified within the boundaries of mutational hot spots (Fig. 3) . Compared to the reconstruction based on whole-genome sequence data, most major divisions describing the relatedness of the isolates were recovered using the selected genomic hot spot data: only the topological order of two major branches, comprising 3 strains (strain 3, and strains 14 and 21), is shown as a function of genomic position (x axis; numbering is for the S. aureus USA300 FPR3757 reference genome). The slope of the plot is proportional to the density of mutations at the corresponding genomic coordinates. Genomic windows of Ն500 bp containing Ն150 unique variants each are shaded in black.
required whole-genome sequence data for correct placement within the phylogeny. Similarly, the finer branching order of only 5 strains within their respective clades (strains 31, 37, 43, 42, and the reference genome), required complete genome data for proper resolution. Importantly, the possible subclonal outbreak of USA300 isolates (strains 9 to 13) was resolved as a distinct group within the larger USA300 clade. It was not possible to uniquely identify all strains using selected mutational hot spot information. The 5 possible outbreak strains, isolates 4, 6, and 7, and two pairs of isolates (27 and 34, and 35 and 
a Bold type indicates genes also differentiating USA300 strains. b Ordered by genomic position.
38) required whole-genome sequence data in order to be distinguished from one another. Correspondingly, the bootstrap support values for this phylogenetic reconstruction were in general somewhat lower than those observed for the genomic tree (data not shown). However, high-confidence support values were obtained for the majority of the relationships (58 of 85 branches). We conclude that a selective analysis of these 47 mutational hot spot regions can be useful for initial laboratory screening of strains for their relatedness.
DISCUSSION
In addition to important functions in the prevention of nosocomial infection and the reconstruction of disease outbreaks (28), the ability to accurately and effectively assay the molecular signatures of MRSA strains has important implications for hospital resource allocation and reimbursement. Significant direct health care costs and efforts may be incurred by the care and treatment of nosocomial MRSA infections, while current guidelines from the Centers for Medicare and Medicaid Services (CMS) (44) prevent reimbursement for hospital-acquired conditions. Aside from the obvious implications for patient care, failures to properly resolve preadmission MRSA colonization from nosocomially acquired strains may additionally incur financial losses, both for the patients and the hospitals. For these reasons, it is necessary to identify outbreaks with both high sensitivity and high specificity. PFGE was used as a reference method for strain discrimination in the pregenomic era. We did not perform PFGE in this study, as the level of technical skill and time required to implement this testing is impractical, or even infeasible, for many clinical laboratories that perform other diagnostic functions. At the same time, few reference laboratories currently offer PFGE services to outside clients. Aside from these practical considerations, mounting evidence suggests that PFGE results are not infallible (21) . When experimental PFGE data have been compared to predicted banding patterns inferred from whole-genome sequence analysis, PFGE recovered only a fraction of the expected bands, and the results were found to correlate poorly with the relatedness of the strains (22) . Further, the results obtained with different restriction enzymes often yield discordant interpretations, and genetic diversity in closely related outbreak strains may be insufficient to permit the resolution of their relationships (22) . In some contexts, alternative molecular methods, such as limited sequence analysis by MLST, provide higher discriminatory power than does PFGE (23) , while in other instances, the equivalency of PFGE with various molecular methods has been demonstrated (17, 18) . MRSA whole-genome sequencing has been reported (27) to outperform PFGE in a research context.
Here, we explore the use of whole-genome sequencing, MLVA, and spa typing (which require similar protocols and levels of molecular biology bench skills to implement as those for whole-ge- 16 nome sequencing) as laboratory approaches for reconstructing the molecular epidemiology of MRSA strains, with special attention to their ability to discriminate subclonal strain outbreaks. MLVA of MRSA isolates demonstrated higher discriminatory power than did spa typing, as evidenced by its identification of 17 groups compared to the 12 groups resolved by spa typing (Fig.  1A) . In contrast, each MRSA isolate was uniquely identified by whole-genome sequencing, and higher-resolution relationships among MRSA strains were ascertained (Fig. 1A and B) . The quantitation of the underlying genomic variants that distinguish between populations identified as genetically identical by either spa typing or MLVA revealed that substantial numbers of genomic variants may be present among isolates within different groups, and surprisingly, among members of the same typed group (Tables 2 and 3). These values help define the number of absolute genomic differences that are reflected by the group partitions as defined by spa and MLVA typing. We conclude that MLVA and spa typing are relatively insensitive to underlying genomic polymorphisms and may therefore classify strains together when they are actually only indirectly related. As a consequence of this insufficiently high level of genetic resolution, false identification of outbreaks may occur, with the risk of unnecessary follow-up investigations and clinical responsive actions. As a case in point, MLVA was able in this study to resolve a potential USA300 outbreak group from other USA300 strains, whereas spa typing was not. Whole-genome sequencing can more effectively facilitate the identification of true outbreak strains by allowing the genomic variants that differentiate isolates to be unambiguously and quantitatively cataloged. In this study, every MRSA isolate was found to have a unique genomic signature, allowing the hierarchy of relationships among strains to be inferred with a high resolution (Fig.  1A) . The suspected outbreak strains were confidently separated from other USA300 isolates (Fig. 1B) and were distinguishable from one another. Two strains in the suspected MRSA outbreak differing by only 2 variants were successfully resolved, which is close to the theoretical detection limit of a single change. Given the high degree of reproducibility we observed for detected mutations, even small numbers of variants can be considered with confidence. Given the period of time occurring between the collection of any pairwise combination of strains and the number of genomic differences that distinguish them, it should be possible to calculate the probability that two strains derive from a recent common ancestry and then establish clonality. In long-term population-based studies, MRSA genomes have been estimated to accumulate approximately 1 mutation per 38-day period (27) ; however, scant data exist on the degree of genomic identity needed to define isolates as part of an outbreak, and there currently is no defined threshold for the number of genomic variants that define an isolate as unique. Dedicated studies of MRSA mutation frequencies occurring during large numbers of short-term transmission events will be required before such rules can be established. Although the dynamics of person-to-person MRSA transmission may be more complicated than was previously believed, including issues relating to a single individual being colonized by multiple genetically distinct strains (31, 45) , the degree of resolution offered by whole-genome sequencing may be sufficiently high to permit an investigation of even short-term epidemiological events. This type of information offers obvious benefits for identifying strains that cause singular or repeated outbreaks within an institution, as well as for identifying the underlying origins. The identification and evaluation of mobile genetic elements, including transposons and plasmids, although not considered in this study, might further improve the resolution of whole-genomebased analysis.
We have found that not all portions of the MRSA genome are as epidemiologically informative as others, with mutations accumulating more frequently in particular regions (Fig. 2 and Table  4 ). The majority of the hypervariable regions are noncoding, suggesting that, by and large, these hot spots represent portions of the genome that are not under evolutionary constraints. Intriguingly, we found that annotated coding sequences falling within mutational hot spots contained almost entirely nonsynonymous variants ( Table 5 ), suggesting that these sequences are under active positive selection. Several of the genes identified by this analysis are currently used in MRSA strain typing: the regulatory locus agr, for example, controls the balance of virulence factor expression in the colonization and invasion phases of infection by modulating adhesin-and toxin-producing genes (46) , suggesting that it is a plausible target of evolutionary pressure. Regardless, the majority of the hypermutable sites are not explicitly targeted by existing assays and do not have obvious explanations for being under positive selection. There was limited overlap among the highly mutated genes identified through population-level analysis and the mutations differentiating the USA300 strains (Table 6 ), most likely due to insufficient divergence times among the USA300 strains for mutations to accumulate and become manifest. Regardless, these regions may prove informative in more targeted assays, in which targeting limited numbers of hypermutable markers for molecular epidemiological analysis is desirable. The dedicated study of these rapidly evolving genes may shed light on the pathways important to MRSA pathogenesis and virulence.
Surprisingly, the exclusive analysis of mutational hot spots was informative for the purpose of molecular epidemiology reconstruction (Fig. 3) and properly identified the subclonal outbreak present in our strain collection. Although this more limited approach did not provide the same level of resolution as the wholegenome data did, it was still possible to uniquely distinguish all but 10 strains from one another, offering significantly higher discriminatory power than that of MLVA. Thus, although there are clear advantages to the use of whole-genome sequencing data when performing high-resolution epidemiological analysis, a targeted sequencing strategy may be useful for approximating comprehensive genomic results, and it may offer practical benefits in terms of assay costs and turnaround times.
In summary, conventional strain typing, regardless of the method employed, relies on limited information parsed from a fraction of the genome, making it difficult to define precise epidemiological relationships (27, 47) , especially those relationships occurring over short time periods. Much higher resolution is afforded by a whole-genome sequencing approach, enabling investigations of both historical relationships and short-term transmission events, as well as preventing artifactual calling of outbreaks due to insufficient genetic heterogeneity. Whole-genome sequencing using increasingly inexpensive benchtop genomic sequencers offers relatively simple workflow and clinically compatible turnaround times, providing whole-genome sequence data 2 to 3 days after isolating pure bacterial colonies. The major barrier to the implementation of a clinical whole-genome sequencing approach is bioinformatics analysis (26) , as many programs used to analyze whole-genome sequencing data require computational infrastructure and knowledge of command-line interfaces. These requirements are prohibitive for many clinical laboratories; nevertheless, the quality and breadth of the data offered by wholegenome sequencing are sufficiently greater than those offered by conventional molecular methods and justify the additional efforts needed to implement these technologies.
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